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November 6, 1980 
Dr. Ernest Blase 
Department of Energy 
Washington, D.C. 20585 
Subject: 	Progress report for the period October 1 through October 31, 
1980 for work conducted under contract DE-A505-79-E11-10068 
During this reporting period a review of existing approaches for the 
computation of combustion efficiences in other combustion systems has been 
performed. Basically, two different procedures are employed; namely, a gas 
analysis of the exhaust products coupled with chemical analysis of the solid 
residues and soot - and the temperature method. The first method permits, 
in the case of coal burning, the calculation of combustion losses by the 
determination of the percentage of carbon monoxide in the gaseous products 
of combustion as well as the percentage of unreacted carbon in the solid 
residues and soot. The temperature method on the other hand determines the 
combustion losses by comparing the actual temperature and the ideal (i.e., 
for complete combustion) theoretical exhaust gas temperature at the 
combustor exit. In this connection it should be pointed out that the 
temperature method also requires the determination of heat losses through 
the combustor walls up to the position where temperatures are compared. 
Based upon experience to date with the developed pulsating 
combustor, it appears that the efficiency of the developed pulsating 
combustor could be best determined by evaluating the combustion losses. 
The latter will be determined from measurements of the composition of the 
exhaust products. To improve this measurement, an effort is currently 
underway to determine the possibility of indirect measurement of the 
percentage of carbon in the solid residues and soot by using only gas 
analysis, velocity measurements and continuity equations. 
Experimental efforts conducted during the report period were 
concerned with the alleviation of problems that arise as a result of the 
accumulation of ash and partially burned coal particles at the bottom of the 
combustion bed. This accumulation of burned material at the bottom of the 
bed eventually results in substantial blockage of the oxidizer flow passages 
and the cessation of pulsations. Efforts directed at the alleviation of this 
problem involved the evaluation of the effectiveness of different coal bed 
basket designs and the consideration of utilizing "active" combustion beds 
that would utilize some sort of a mechanical stirrer to periodically mix the 
contents of the bed and thus prevent the clogging of oxidizer flow passages. 
Dr. Ernest Blase 
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In another activity undertaken during the reporting period a series of 
tests was performed to check the repeatability of the data measured for the 
same experimental configuration. These tests have shown that reproducible 
data can be obtained in the developed facility. 
In the next reporting period, efforts directed at the determination of 
the pulsating combustor efficiency will continue. Furthermore, an activity 
aimed at the determination of potential application of pulsating combustor 
will be initiated. 
Sincerely, 
Ben T. Zinn 
BTZ/jj 
Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
sc•loot. OF AEROSPACE: LNGINLFRING 
ATLANTA. GEORGIA 301. -2. 
Telephone 404-5,94-3033. 3000 
Telcv SY25(0 61 - R1 OCA 
December 9, 1980 
Dr. Ernest Blase 
Department of Energy 
Washington, D.C. 20585 
Subject: 	Progress report for the period November 1 through November 30, 
1980 for work conducted under contract DE-A505-79-ER-10068. 
In experiments conducted to date, the combustion of the coal in the 
bed had resulted in the buildup of a layer of ash and unburned coal in the 
bottom of the bed some time after initiation of burning. This accumulation 
of material at the bottom of the bed results in blockage of air flow and the 
cessation of pulsations. During the reporting period, tests with different 
coals were performed and the problem was practically eliminated when lov. 
ash content coals were burned. It has also been found that as the percentage 
ash in the coal increases, the blockage problem can be eliminated by 
increasing the openings in the bottom grid of the combustion bed. This, in 
turn, results in a larger fraction of ash and unburned coal. To avoid the 
losses of unburned coal, the recirculation of the falling unburned particles 
through the bed will be considered in the near future. 
During the reporting period the metal wire basket that holds the 
burning coal bed was redesigned to prevent the accumulation of ash and 
unburned coal at the bottom of the bed, as discussed above. This redesigned 
basket was then used in a series of tests that were designed to investigate 
the effect of cooling the combustion flow at the 3L/4 location upon the 
operation of the combustor. Theoretical consideration of the indicated 
cooling process and communications with Dr. Severyanin in the USSR 
indicate that such a cooling process should enhance the pulsations in the 
tube. The effect of cooling of the hot gases at the 3L/4 location was 
investigated by flowing .5 gal/min of water through a copper coil placed at 
the indicated location. The temperature difference between the inflowing 
water and the outflowing water was of the order of 40 °F. Although the 
heating of the water resulted in an increase in the amplitude of oscillations 
by 2dB, no change in the coal burn rate has been observed. This matter will 
be further investigated in the future. 
Dr. Ernest Blase 
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Since the tests performed during this period determined a final 
configuration for the basket carrying the coal burning bed, the group is 
considering the acquisition of a Beckman Model 865 non-dispersive infrared 
analyzer for measurement of carbon monoxide and carbon dioxide 
concentration at the combustor exhaust. This instrument is designed for 
applications where it is desired to continuously monitor a particular 
component in a gaseous stream. These. gas concentration measurements are 
directly related to the evaluation of combustion losses occurring in the 
process of burning, which will lead to the determination of the combustor 
efficiency. 
In the last monthly report it has been stated that the analytical 
investigation of possible methods for the measurement of the combustion 
efficiency in the developed pulsating combustor have been completed,, The 
practicality of the possible efficiency measurement techniques have been 
investigated during the last reporting period. As part of this effort, possible 
methods and available instruments for the measurement of CO and CO 2 concentrations are under consideration. Once the optimum method(s) for the 
measurement of these concentrations is developed, steps will be taken to 
develop the needed measurement capabilities that will allow for the 
determination of the combustor efficiency. 
During the next report period, efforts will continue on the 
development of capability for measuring the combustion efficiency. 
Also some efforts will be devoted to a theoretical investigation of the 
effects of NO
x 
formation upon the determination of the combustor 
efficiency. 
Sincerely, 
Ben T. Zinn 
Principal Investigator 
BTZ/ij 
Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEERING 
ATLANTA. GEORGIA 30332 
Telephone 404-894-3033/3000 
TeleN; SY2.507 GTRI OCA 
January 7, 1981 
Dr. Ernest Blase 
Department of Energy 
Washington, D.C. 20585 
Subject: 	Progress report for the period December 1 through December 31, 
1980 for work conducted under contract DE-A505-79-ER- 10068. 
During this reporting period, work was done on the development of 
methods for measuring carbon monoxide and carbon dioxide concentrations 
in the flow stream at the combustor's exhaust. These measurements are 
directly related to the evaluation of the combustion losses and, 
consequently, to the evaluation of the pulsating combustor's efficiency. 
Also, a theoretical investigation aimed at the reduction of the number of 
measurements needed for the combustor efficiency determination was 
undertaken. 
Some efforts have been devoted to the investigation of the effects of 
NO and SO formation on the calculation of the combustor efficiency. The 
conclusion as reached that the presence of these gases can be ignored as 
far as the evaluation of combustion losses for coal burning is concerned. 
Experimental work conducted during this period was concerned with 
the determination of the optimum range of coal sizes that would allow for 
continuous, high burn rate operation of the pulsating combustor. It has been 
found that for low ash content coals, the combustor's perforrr ance is 
improved when coal particle sizes are in the range of 1/2 inch to 1 inch. The 
size of the coal particles was determined by passing the coal through a set 
of different mesh size sieves. 
An investigation of the possibility of burning wood in the Rijke 
Combustor was also initiated during the reporting period. Initial results were 
most encouraging as extremely high wood combustion rates were observed. 
Furthermore, the wood appeared to burn cleanly leaving little refuse behind. 
Finally, an investigation has been undertaken to determine potential 
applications of the pulsating combustion process in industry. Application 
currently under consideration include steam raising and drying for the 
lumber, paper and lumber industries. 
Dr. Ernest Blase 
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Efforts under this contract during the next reporting period will 
concentrate on the determination of the efficiency of the combustor, 
attempts to control the fuel/air ratio and the investigation of potential 
applications of pulsating combustors. 
Ben T. Zinn 
BTZ/jj 
Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEERING 
ATLANTA, GEORGIA 30332 
Telephone 404-894-3033/3000 
Telex: SY2507 GTR! OCA ATL 
February 10, 1981 
Dr. Ernest Blase 
Department of Energy 
Washington, D.C. 20585 
Subject: 	Progress report for the period January 1 through January 31, 
1981 for work conducted under contract DE-A505-79-ER-10068. 
Efforts conducted during this reporting period concentrated on the 
search for a method for controlling the air/fuel ratio in the pulsating 
combustor. This effort has been undertaken because of available evidence 
showing that the developed combustor operates under fuel lean conditions 
and indications from the Russian literature that the efficiency of the 
combustor may depend upon the fuel/air ratio. 
The first series of tests involved the placement of a perforated disk 
at different heights within the combustor in an attempt to control the flow 
rate of the air through the combustor. The results of these tests showed 
that, as expected, the insertion of the disk has a strong effect upon the 
acoustics of the system. Furthermore, the addition of the disk resulted in 
heavier smoke production, lower amplitude and lower burn rates, thus 
resulting in inferior combustor performance. 
Since the flow rate of air is partially controlled by buoyancy effects, 
a number of attempts to control the flow rate of the air by changing the 
length of the combustor were conducted. Reducing the length of the 
combustor from its current value of 108 inches was expected to reduce both 
the chimney effect and the air flow rate through the combustor and increase 
the frequency of pulsations. These series of tests has shown that the 
combustor performance deteriorates with length decrease and that pulsating 
combustion stops when the combustor length reduces to 60 inches. 
Considering the results of this series of tests and the physics of the problem, 
it appears that the combustor performance might improve by increasing its 
length. The correctness of this conjecture will be investigated during the 
next reporting period. 
Work is also currently underway on the addition of acoustic 
decouplers at both ends of the combustor that will provide means for 
controlling the air flow rate through the combustor without affecting the 
combustor's acoustics. This work will continue during the next reporting 
period. 
Dr. Ernest Blase 
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Since the amount of air flowing through the combustor appears to be 
a very important parameter in the determination of the combustion 
efficiency, work on the development of capabilities for accurately 
measuring the combustor's flow velocity continued during the reporting 
period. Air flow is currently being measured by means of a TSI hot film 
transducer coupled to a DISA anemometer unit. Both the probes and the 
anemometer unit were recalibrated in the Georgia Tech Aerospace 
Engineering low turbulence wind tunnel and their results checked very well -
within 2% - with the data output given by Pitot tube measurements. 
Finally, some efforts were expended on an error analysis of the 
accuracy of the previously derived approach for the determination of the 
combustor efficiency. 
In addition to those mentioned above, the investigation of the 
combustor's combustion efficiency and efforts to control the combustor's 
air/fuel ratio will continue during the next reporting period. 
Ci nr-prelv. 
( Ben T. ZiWn 
BIZ/ii 
Ben T. "Lim+ 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
'CHOOl. OF AEROSPACE ENGINEERING 
ATLANTA, GEORGIA 30332 
1 ekphone 40.1.804-.1033/3000 
Telex: SY2507 Gyto OCA ATE 
March 11, 1981 
Dr. Ernest Blase 
Department of Energy 
Washington, D. C. 20585 
Subject: 	Progress report for the period February 1 through February 28, 
1981 for work conducted under Contract DE-A505-79-ER- 10068. 
During this reporting period, some of the experimental work 
concentrated on the investigation of the possibility of controlling the 
fuel/air ratio of the combustion process by means of an acoustic decoupler 
attached to the bottom of the combustor. The acoustic decoupler consisted 
of a drum having a diameter and length 4 and 6 times larger than the 
combustor's diameter, respectively. As expected, the addition of the 
decoupler did not stop the pulsations and the combustor operated regularly 
approximately the same frequency of oscillations. It appears that the 
air/fuel ratio under the self aspirating mode of operation could be controlled 
by changing the diameter of the opening for the air intake in the decoupler. 
In another effort, a new series of experiments, designed to 
investigate the characteristics of the pulsating combustion operation under 
forced air flow conditions, was initiated. In this study, forced air flow was 
supplied to the combustor through a pipe that connected to the above-
mentioned acoustic decoupler. A series of preliminary tests in which the air 
flow rate was varied was conducted and the results showed that the varying 
the air flow rate (and thus affecting the air/fuel ratio) affected the nature 
of the pulsation and the temperature of the generated combustion prcducts. 
Pulsating combustion was obtained when burning under both fuel lean and 
fuel rich conditions and it appears that maximum output is obtainer; when 
operating at or near stoichiometric fuel/air ratio. The use of a forced air 
flow offers the possibility of controlling the operation of the combustor and 
these studies will continue in the future. 
Work on the development of capabilities for air flow velocity 
measurements in the combustor continued during this period. The combustor 
was operated with a forced air flow whose volumetric flow rate was 
measured by a rotarne ter. Knowing the air properties and the combustor's 
cross sectional area, the measured flow rate could be used to determine the 
air velocity in the combustor. Simultaneously, the air flow velocity at the 
Dr. Ernest Blase 
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combustor's entrance was also measured by means of a TSI hot film 
transducer coupled to a DISA anemometer unit. The velocities measured 
with the hot film probe and the rotameter agreed for a non pulsating mode 
of the operation of the combustor and current efforts are concerned with 
the development of velocity measurement capabilities when the combustor 
is operating under pulsating conditions. 
Additional efforts during the reporting period investigated potential 
applications of the pulsating combustion process, the purchase of CO and 
CO,„ analyzers that will be needed for combustion efficiency measurements 
and- the design of a sampling train to be used for withdrawing gas samples 
from the combustor and feeding them to the analyzers. All of these efforts 
as well as the experiments with the forced flow pulsating combustor will 





Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEFRI.11 
ATLANTA, GEORGIA 10312 
Telephone 40 ,1 894-3033i 3000 
TeIex: SY2±307 OTRI OCA NIT 
April 7, 19g1 
Dr. Ernest Blase 
Department of Energy 
Washington, D. C. 20585 
Subject: 	Progress report for the period March 1 through March 31, 1981 
for work conducted under Contract DE-A505-79-ER-10068 
Part of the efforts conducted during the reporting period were 
concentrated on the improvement of the design of the sampling train to be 
used for feeding gas samples from the combustor to the CO and CO 2 
infrared analyzers which will be needed for the determination of the 
efficiency of burning coal in the pulsating combustor. In addition, efforts 
were expanded on the development of an alternate method for measuring 
combustion efficiency that would utilize isokinetic sampling and chemical 
analysis of unburned particulate matter. Although this procedure will not 
provide combustion efficiency as a function of time, it will be used to check 
the results obtained with the gas analysis. Additional efforts during the last 
reporting period involved the pricing and purchase of some of the 
components that are needed for the above mentioned sampling trains. 
Experimental work conducted during this period concentrated on the 
investigation of the burning of wet wood under forced flow oscillatory and 
non oscillatory conditions. In a series of tests wood chips containing 
different amounts of water were burned in the pulsating combustor. While 
this series of tests is not completed yet, results obtained to date show that 
wood containing up to 40% moisture can be burned under pulsating 
conditions. Tests with wood containing higher percentages of moisture and 
green wood will be conducted in the next reporting period. Another potential 
advantage observed in the above mentioned tests was the much faster burn 
rate of wood with the same moisture content under oscillatory conditions as 
compared to its burning under non oscillatory conditions. 
During the next reporting period, work will proceed with the 
acquisition, fabrication and installation of the needed gas and particulate 
sampling trains. Efforts will also be expanded on developing a data 
reduction software for the infrared analyzers outputs that will be fed into a 
mini computer and then used in the determination of the time dependence of 
the combustion efficiency. 
Sinrerelv. 
Ben T. Zinn 
BTZ/jj 
Ben T. Zinn 
Regents Proiessor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEERING 
ATLANTA. GEORGIA 30t32 
Telephone 404-04-3033/3000 
SY2507 GTRI OLA ATE 
May 12, 1981 
Dr. Ernest Blase 
Department of Energy 
Washington, D. C. 20585 
Subject: 	Progress report for the period April 1 through April 30, 1981 for 
work conducted under Contract DE-A505-79-ER-10068. 
Part of the efforts expended during this reporting period consisted of 
pricing and acquisition of components of the sampling line to be used for 
particulate collection in the products of combustion. Particulate analysis 
will provide an additional methdod of determining the system's combustion 
efficiency and will serve as a check for the results obtained by means of 
carbon monoxide and carbon dioxide concentration measurements. 
Experimental work conducted during this reporting period 
concentrated on the investigation of the system's operation when a 
decoupling chamber is attached to its exhaust port. This chamber - 12 inches 
higher and 11 inches in diameter - will provide means for a more effective 
heat collection from the products of combustion, therefore increasing the 
system's thermal efficiency. These tests showed that the addition of the 
decoupling chamber did not affect the operation of the pulsating combustor. 
Work is currently under way on the installation of a coil heat 
exchange inside the decoupling chamber. This heat exchanger will be used to 
heat water circulating through its coils. The heat transfered to the water 
will be measured and used to determine the thermal efficiency of the 
system. Future efforts will concentrate on the determination of the 
dependence of the system's thermal efficiency upon various system 
parameters. 
During the next reporting period, the sampling train for carbon 
monoxide and carbon dioxide concentration measurements will be developed. 
These measurements will provide data for the computation of the 
combustion losses occurring in the system. Once installed, preliminary tests 
will be conducted to assure the proper operation of the system. 
Ben T. Zinn 
BTZ/jj 
Ben T. Zinn 
Regents Professor 
Darnel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
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\it ANIA, 0 17:0RrilA 
	
isleplionc .104 89-4- 	moo 
Tele\ SY:507 Tl I 9CA Al i. 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
P. 0. Box 10940 
Pittsburgh, Pa. 15236 
June 12, 1981 
Subject: 	Progress report for the period May 1 through May 31, 1981 
for work conducted under Contract DE-A 505-.79-ER-10068. 
Part of the work conducted during this reporting period consisted of 
the installation of the sampling lines to be used in the analysis ot the 
gaseous and particulate combustion products. A control panel for holding 
the sampling system's flowmeters and control valves was designed and built. 
The completion of the installation of the sampling lines has been delayed by 
postponents in the delivery of some system components and it will be 
completed during the next reporting period. 
Experimental work conducted during this period concentrated on the 
investigation of the distribution of the heat generated from wood burning 
under pulsating conditions. To minimize heat losses, the combustor was 
insulated with a 5 cm layer of fiber glass. Tests were conducted with 0,4 
gallons/min of water flowing through a coil heat exchanger that was placed 
at the top of the pulsating combustion and wood was burned at a rate of 
52,500 Btu/hour. This rate can be considerably increased once an automated 
wood feed system becomes available. In this connection it should be pointed 
out that a high energy release rate represents one of the advantages of the 
pulsating combustor as the - indicated energy was released in a relatively 
small combustion bed, indicating a high combustion intensity. Energy 
balance considerations showed that the combustion was practically complete 
as most of the energy available in the wood could be accounted for. This 
matter will be checked again when the combustion efficiency of the 
pulsating combustion process will be investigated with the sampling lines. 
Another interesting observation made. during the course of these 
experiments was the fact that the burning rate of wood when burning under 
pulsating conditions is approximately 50% higher than the corresponding 
steady state burning. 
During the next reporting period, the installation of the sampling 
trains for partculate and gas analysis will be completed. These will be used 
to measure the carbon monoxide and carbon dioxide concentrations that will 





Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE F.NG115FERING 
ATLANTA. GEORGIA 303132 
Telephone 4W-S9-1-3033/.1000 
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July 9, 1981 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
P. 0. Box 10940 
Pittsburgh, Pa. 15236 
Subject: 	Progress report for the period June 1 through June 30, 1981 for 
work conducted under Contract DE-A 505-79-ER-10068. 
Some of the efforts expanded during this reporting period consisted of 
completion of the installation of the sampling line to be used in the analysis 
of the gaseous products of combustion of the pulsating combustor. An ice 
bath and a separation system has been designed and built in order to extract 
water vapor from the gas sample to be fed into the recently acquired 
infrared analyzers. In addition, the installation of the sampling train for the 
particulate collection and analysis is nearing completion. 
A series of tests was conducted during the reporting period utilizing 
wood as fuel to determine the dependence of the amplitude of the acoustic 
pressure upon the air/fuel ratio, the magnitude of the steady flow velocity 
and the presence of acoustic decouplers at both ends of the combustor. The 
results of these tests are summarized on the attached figure where x is the 
percentage moisture in the wood. These results show that maximum 
amplitude pulsations occur for stoichiometric or slightly fuel rich air/fuel 
ratios. These results also show that the magnitude of the amplitude of the 
oscillation increases when the magnitude of the steady air velocity 
increases. Finally, these results also show that the addition of the decouplers 
results in a pulsation amplitude reduction. 
During this series of tests, the pressure in the air line was increased, 
allowing for a much higher feed rate of wood which provided a heat release 
rate of the order of 110,000 Btu/hour, a little more than twice of the heat 
release reported during the last reporting period. With a proper feed system 
for v—pod, it is believed that the heat release can be doubled again. 
Mr. Harry Ritz 
July 9, 1981 
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During the next reporting period, the installation of the particulate 
and gaseous products sampling trains will be completed and the recently 
purchased CO and CO. ) IR analyzers will be checked out and connected to 
the sampling trains. 'Initial tests will be conducted to chec: out the 
operation of the sampling lines and the measured CO and CO 2 
 concentrations will be used to compute the combustion losses occurring in 
the combustor. 
Sincerely, 
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August 11, 1981 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
P. 0. Box 10940 
.Pittsburgh, PA 15236 
Subject: 	Progress report for the period ;July 1 through July 31, 1981 for 
work conducted under Contract DE-A 505-79-ER-10068. 
During the last reporting period, efforts were expanded on the 
calibration of the non dispersive infrared analyzers for the measurement of 
carbon dioxide and carbon monoxide concentrations. These concentrations 
will be used in forthcoming tests in the determination of the combustion 
efficiency of the pulsating combustor when it's burning coal. The calibration 
of the zero point on the instrument's scale presents no problems since the 
recommended gas for this procedure is dry nitrogen. The up scale calibration 
requires, however, a special mixture of the gas being measured in nitrogen, 
with a concentration corresponding to approximately 90% of the full scale 
deflection with an as precise as possible composition analysis. After 
familiarization with the calibration procedure recommended by the 
instrument's manual, these mixtures were ordered and they are expected to 
arrive within the next few days. 
In addition, the assembly of the train for particulate sampling and 
analysis has been completed. Slight modifications in the original train design 
were made in order to use the additional head of the dual-head pump being 
used in_ the gas analysis. This particulate sampling system is designed to 
collect more than 99.7% of the particles having diameters above 0.3 micron. 
The collected particulates will also be used to provide an additional, 
independent determination of the combustion efficiency of the pulsating 
combustor. 
During the next reporting period, experiments will be conducted to 
determine exhaust gas concentrations. In addition, attempts will be made to 
determine the particulate concentration in the exhaust flow under isokenetic 
sapling conditions. 
sincerely, 
Ben T. 'Zinn 
BTZ/i i 
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October 12, 1981 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period September 1 through September 
30, 1981 for work conducted under Contract DE-A 505-79-ER-
10068. 
During the last reporting period a data acquisition system to be used 
during testing with the pulsating combustor was developed. A schematic of 
this system is shown in Fig. 1. Specifically, this system utilizes  a tape 
recorder to simultaneously record temperatures in different sections of the 
combustor, concentrations of carbon monoxide and carbon dioxide in the flue 
gas, amplitude of pressure oscillations and the feed rate of the coal. In 
addition, a rotameter capable of handling higher flow rates was installed in 
the air line that supplies air to the combustor in order to increase the air 
handling capacity of the system. 
A series of tests whose objective was the quantitative determination 
of the combustion efficiencies of the pulsating combustor under different 
operating conditions was initiated. Specifically, the tests conducted during 
the reporting period investigated the dependence of the combustion 
efficiency upon the air/fuel ratio and incoming air mean velocity. The 
initial series of tests investigated the combustor performance for 
stoichiometric air/fuel ratios and different air velocities. Combustion 
efficiencies higher than 90% were measured for air mean velocities higher 
than 70 cm/sec. The feed rate during these experiments was about 75 
gr/min, corresponding to approximately 750,000 Btu/hour per square foot of 
combustion bed. The performance of the combustor deteriorated, however, 
as the air velocity decreased below 70 cm/sec and, at 50 cm/sec, oscillatory 
operation became very difficult to achieve and the combustion efficiency 
decreased more than 15%. The coal used in these experiments had a heat 
value of 13,900 Btu/lb and an average size between 1/2" and 1/4". 
Observations of the structure of the coal bed indicate that during 
pulsating operation the bed consists of four layers as shown in Fig. 2. 
Starting at the top, the bed consists of a layer of fresh coal followed by a 
layer of agglomerated coal, followed by a layer of smaller diameter coal, 
Mr. Harry Ritz 
October 12, 1981 
Page 2 
followed by a layer of ash particles that fall through the holes of the grid 
that supports the bed. During non pulsating operation, the burn rate 
decreases and the thickness of the agglomerated coal layer continually 
increases with time to the point that it practically occupies the whole bed, 
preventing a steady mode of operation. These characteristics of the bed are 
probably responsible for the lower values of combustion efficiencies 
observed during non oscillatory burning. 
The series of tests described in this letter will continue during the 
next reporting periods. They will concentrate on the determination of the 
pulsating combustor performance at different air/fuel ratios, different coal 
feed rates, different air velocities, and different coal sizes. 
Sincerely, 
Ben T. Zinn 
BTZ/jj 
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Fig. 1. Schematic of the Date, Acquisition System. 
Legend (Figure 1) 
(a), (b), (c): Temperatures (inlet air, 1 ft above combustion bed, an• flue 
gas) 
(d), (e): 	CO and CO 2 concentrations 
(f): Pressure amplitude 
(g): Feed rate 
(h): Line to locate position in the tape 
(1): 	Thermocouple reference junction 
(2), (3): 	CO and CO 2 infrared analyzers 
(4): Microphone amplifier 
(5): Wave generator 
(6): Millivolt potentiometer (for calibration only) 
(7): DC amplifier 
(8): DC voltmeter (calibration of tape) 
(9): Tape recorder 
(10): RMS voltmeter 
(11): Logarithimic connverter 
(12): Oscilloscope 
(13): x - y ploter 
   
  





- Agglomerated , oal (black, "hard") 
-- Smaller diameter particles(gray, 
"soft 
Ash (leaves combustion bed) 
Fig. 2. A Schematic of the Bed Structure in the Pulsating Combustor. 
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November 10, 1981 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period October 1 through October 31, 
1981 for work conducted under Contract DE-A 505-79-ER-I0068. 
Part of the efforts expended during the last reporting period 
concentrated on the evaluation of the pulsating combustor's performance for 
stoichiometric air flow rates2 and fuel feed rates2 varying between 70 gr/min 
and 100 gr/min (56.1 lbs/ft hr and 80.2 lbs/ft hr). Pulsating combustion 
was possible with all of the tested feed rates. However, the combustion 
efficiency at the 100 gr/rnin feed rate was approximately 5% lower than at 
the 75 gr./min feed rate (reported during the month of September). It iu 
believed that the decrease in combustion efficiency at the high fuel feed 
rate was due to excessive heating of the combustor's walls, which resulted in 
an "effective" upward shift of the center of the region of heat addition from 
the "ideal" L/4 position. It is believed that this problem can be alleviated by 
lowering of the combustion bed and/or cooling of the combustor's wall near 
the combustion region. The average coal size in all of the tests ranged 
between 1/4 to 1/2 inches. The maximum amplitude of pulsation observed 
during these tests was 160 dB 2 The heat release for the 100 gr/min case was 
approximately 960,000 Btu/fr hr. Comparison of the tests results showed 
that for conducted test conditions the combustor efficiency was the highest 
(i.e., approximately 90-92%) for feed rates around 70-75 gr/rnin when 
burning coal at a stoichiometric air/fuel feed rate. The heat 2 release rote 
corresponding to this feed rate is approximately 750,000 Btu/ft hr. 
During this reporting period a new continuous feed system for coal 
and other solid fuels has been developed. In addition, a new test section, coal 
bed support grid and observation windows have beer' developed and they will 
be incorporated into the combustor in the near future. 
Mr. Harry Ritz 
November 10, 1981 
Page 2 
During the next reporting period, tests will be conducted to determine 
the dependence of the cornbustor's performance on the air/fuel ratio. The 
initial series of tests will be conducted with a fixed coal feed rate of about 
50 gr/rnin and varying flow rates of air that would allow testing under both 
fuel rich and fuel lean conditions. 
Sincerely, 
Ben T. Zinn 
BTZ/rk 
Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
School of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEERING 
ATLANTA. GEORGIA 3011:± 
Telephone 40=1-894-3033/3000 
Toles: SY2507 	OCA ATE 
December 7, 1981 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period November I through November 30, 
1981 for work conducted under Contract DE-A-505-79-ER-10068. 
During the last reporting period, a new test section containing a new 
fuel bed support grid and new observation windows was incorporated into the 
pulsating combustor. Testing with the new test section indicated that the 
presence of the new bed support system changed the characteristics of the 
combustion process and that the installation of new circular windows 
eliminated all the air leaks that existed with the previous, rectangular, 
window. Furthermore, the new configuration improved the combustor's 
performance in the following aspects: (1) the maximum amplitude of the 
combustor pulsations increased form 160 dB to 168 dB; (2) the amounts of 
unburned refuse that drops to the bottom was reduced by 50% as compared 
to the previously used test section; (3) accumulation of coal in the bed was 
practically eliminated; and (4) the observed rapid heat up of the combustor's 
walls suggests improvement in the associated heat transfer processes. 
On the negative side, the amount of particles in the exhaust seemed 
to have increased considerably. The causes for this increase are believed to 
be understood and steps for correcting this problem will be taken shortly. 
Tests with fuel feed rates of around 50 gr/rnin and stoichiometric air 
flow rates were performed. The combustion efficiency ranged between 87% 
and 90%. It was also observed that the amounts of particulates and carbon 
monoxide in the exhaust flow varied periodically with time. The carbon 
monoxide concentrations varied between 0% and 4% by volume with the 
maximum coinciding with the maximum in the particulate concentration. 
These maxima occur shortly after the feeding of fresh coal to the bed and 
they were probably caused by changes in the effective, instantaneous 
air/fuel ratio in the bed. The average coal size in all of the tests ranged 
from 1/4 to 1/2 inches. 
Mr. Harry Ritz 
December 7, 1981 
Page 2 
During the next reporting period, series of tests with air/fuel ratios 
above and below the stoichiometric ratio will be performed with the new 
combustor's configuration. Air flow rates ranging from 0.4 to 2.0 times the 
air flow rate needed for stoichiometric combustion will be investigated. In 
addition, the development of an alternate fuel feed system that will provide 
a more uniform (with time) coal supply into the combustor will be 
undertaken. 
Sincerely, 
Ben T. Zinn 
BTZ/jj 
Ben T. Zinn 
Regents Professor 
Daniel Guggenheim 
SeHo] of Aeronautics 
GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF AEROSPACE ENGINEERING 
ATLANTA., GEORGIA 30332 
Telephone 404-894-3033/3000 
Telex: SY2507 GTRI OCA ATL 
January 21, 1982 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period December 1 through December 30, 
1981 for work conducted under Contract DE-A-505-79-ER-10068. 
During this reporting period, testing with the new combustion bed 
configuration that was described in last month's report was initiated. A 
series of experiments was conducted for air/fuel ratios varying from 0.35 to 
1.9 of the stoichiometric air/fuel ratio for nominal coal feed rates of 50 
gr/rnin. Both pulsating and non pulsating tests were performed and the 
results compared. 
A plot of the measured pulsations dB level is presented in Fig. 1. 
Interestingly, maximum amplitudes were attained near stoichiometric 
operation. It was also observed in these tests that are increased in the dB 
level during a given test was accompanied by an immediate decrease and 
increase in CO and CO
2 
 concentrations, respectively. The latter are caused 
by the increase in the amplitude of the acoustic velocity in the bed region 
which results in better mixing and a more efficient combustion process. 
Thus, Fig. 1 suggests that optimum mixing and combustion occur near 
stoichiometric conditions. The significance of this result is that pulsating 
combustors could be operated optimally with little excess air, achieving high 
thermal efficiencies. 
Another point to note in Fig. I is that pulsating operation is possible 
under highly fuel rich conditions (e.g., a = 0.36). Under these conditions the 
exhaust flow is still combustible and this result suggests that the pulsating 
combustor can be potentially operated as a coal gasifier. 
A plot showing the relative amounts of particulates generated under 
different air/fuel ratios is presented in Fig. 2 for both pulsating and non 
pulsating tests. A drastic reduction in particulates formation with an 
increase in a is shown with the particulate formation reaching an almost 
constant minimum level for a a larger than 1.1. One should also note that 
for all of the tested a's, particulate formation was considerably higher 
under non pulsating operation. 
Mr. Harry Ritz 
January 21, 1982 
Page 2 
The measured CO and CO
2 
data were also used to determine the 
combustion efficiency 11 of the combustor for different test conditions. 
Starting with stoichiometric test conditions, the results showed that T1 is 89 
and 96 % for values of a equal to 1.03 to 1.13, respectively. As expected, 
the values of T1 increased with increasing values of a . For comparison, T1 
equaled 87.4 % for a = 1.09 when the combustor operated under non 
pulsating conditions. 
Since the existing feed system resulted in periodic coal feed to the 
bed, a temporary feed system that resulted in nearly uniform coal feed rate 
to the bed was installed and tested. The results showed that the produced 
CO and the CO
2 
concentrations nearly coincided with the minimum CO and 
maximum CO,. concentrations, respectively, observed in the previously 
described test. These results indicate that maximum performance of the 
pulsating combustor would be achieved once a uniform (permanent) coal feed 
mechanism is incorporated in the system. The installation of this new teed 
mechanism will be initiated during the next reporting period. 
Sincerely, 
`Ben T. Zinn 
BTZ/j j 
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Fig. 1. Dependence of the dB sound level upon the air fuel 
ratio, nominal m e = 50 gr/rnin ( : ratio between 
air/fuel ratio and stocihiometric air fuel ratio; 
mc: feed rate of coal). 
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not; pulsating combut;tior 
A 
Fig. 2. Dependence of the particulate gerwration upon the 
air fue! ratio (m 
P
/m : ratio be L—een collected mass 
of particulates and feed rate of coal). 
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February 11, 1982 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 1.5236 
Subject: 	Progress report for the period January 1 through January 31, 
1982 for work conducted under Contract DE-A-505-79-ER-10068. 
During the last reporting period, the previously developed auger type 
fuel feed mechanism was modified in order to provide a more uniform coal 
feed rate into the combustion bed. With the previous fuel feed system, as 
illustrated in the upper left part of Fig. 1, the coal feed rate was periodic, 
which was mainly due to the inclination of the feed tube that housed the 
rotating auger that moved the solid fuel from the hopper to the combustion 
bed. With the inclined feed tube, chunks of coal "fell" into the combustion 
bed as soon as they reached the end of the auger. The supply of coal into the 
bed was directly related to the speed of rotation of the auger and a "chunk" 
of coal was supplied to the bed upon the completion of each revolution. 
While the supply of coal was periodic, the air flow rate through the bed was 
constant. Consequently, fuel rich conditions occurred in the bed at regular 
intervals which resulted in periodic concentrations of CO and CO,, and 
bursts of particulates in the exhaust flow. The modified feed mechanism 
possesses a horizontal feed tube, which is expected to practically eliminate 
the problems associated with the effects of gravity upon the coal supply 
rate. In addition, a new auger with a reduced pitch (half of the previously 
utilized auger's pitch) was introduced into the system. Together, these 
modifications are expected to produce a much more uniform coal feed rate 
into the combustion bed, as illustrated by the dashed Liae in the plot at the 
lower part of Fig. 1, resulting in more uniform CO and CO 2 concentrations 
and in the elimination of the bursts of particulates in the exhaust flow. 
Testing with the modified coal feed system will be initiated during this 
reporting period. 
Mr. Harry Ritz 
February II, 198! 
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Two technical papers describing results obtained under this program 
to date were prepared during the last reporting period. The first, entitled 
"Development of a Pulsating Combustor for Burning of Wood", will be 
presented at the Symposium on Pulse-Combustion Applications, organized by 
the Battelle Laboratories, and to be held in Atlanta, on March 2-3, 1982. The 
second paper, entitled "Pulsating Combustion of Coa! in a Rijke Type 
Combustor", was submitted for presentation at the 19th International 
Symposium on Combustion, organized by The Combustion Institute, and to be 
held on August 8-13, 1982, in Haifa, Israel. 
During the next reporting period, installation of the new feed 
mechanism will be completed and its performance wilt be tested. Planned 
experiments will continua: the evaluation of combustion efficiencies and dB 
level of pulsations for different cAnbustor's operating conditions. 
Sincerely, , 
Ben T. Zinn 
BTZ/jj 
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Figure 1 	Schematics of the previously designed and the modified Coal 
Feed Systems and their feed rates. 
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Telephone 404-894-3033/3000 
Telex: SY2507 GTRI OCA ATL 
March 8, 1982 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period February 1, through February 28, 
1982 for work conducted under Contract DE-A-505-79-ER-10068. 
During this reporting period, the installation of the new coal feed 
system (described in last month's progress report) was completed and testing 
was initiated to check the operation of the modified combustor. First, 
experiments were conducted for stoichiometric air/fuel ratio at a nominal 
fuel feed rate of 50 gr/min. With the new feed system the previously 
observed periodicity of the feeding process was practically eliminated and 
the exhaust flow appeared clear and smokeless. Furthermore, the exhaust 
flow was free of the periodical bursts of particulates that had occurred with 
the inclined, auger type system that was used before. Drastic reductions in 
particulates emission and of both the maximum and average CO 
concentrations in the exhaust flow were observed. The average amplitude of 
pulsations remained at 162 dB. A comparison of the results obtained using 
the previous and new coal feed systems is presented in Table I. 
In addition, a series of experiments whose concern is the 
determination of the maximum coal burn rate in the new combustor under 
stoichiometric conditions was started during this reporting period. Tests 
with nominal feed rates of 75 gr/min were conducted and the main results 
are described in what follows. First, an average sound level of 168 dB was 
observed, which represents the highest average amplitude of pulsations ever 
achieved with the developed pulsating combustor. Under this dB level, the 
coal was consumed shortly after entering the combustion bed and no 
accumulation of unburned fuel in the bed was ever observed. On the negative 
side, bursts of particulates in the exhaust flow reappeared. These bursts 
were not periodic and they were not caused by the coal feed system. The 
data measured during these tests are currently under analysis in an effort to 
eliminate the observed bursts of particulates 
Mr. Harry Ritz 
March 8, 1982 
Page 2 
During the next reporting period the investigation of the maximum 
coal burn rate by the developed pulsating combustor under stoichiometric 
air/fuel ratio will continue. Additional tests with excess air will be 
performed in order to investigate the possibility of decreasing pollutants 
formation while taking advantage of the high dB level observed for increased 
coal feed rates. Finally, efforts will begin on the modification of the 





capabilities for use in future tests. 
Sincerely, 
'Ben T. ZiKn 
BTZ/jj 
Previous inclined 	Present horizontal 
auger feed system auger feed system Variation 
CO(%)(Ma>dmum) 4.13 1.77 - 2.36 
CO(%)(Average) 1.30 0.30 - 	1.00 
Particulate emission 0.958 0.139 - 0.819 
(gr/min) (-85.5%) 
dB level (Average) 162 162 0 
Table I. Comparison between combustor operations with 
periodic and uniform feed rates, for stoichiometric 
nominal 50 gr/min coal feed rates and pulsating 
regime. 
La V14 
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April 12, 1982 
Mr. Harry Ritz 
Mail Stop 920-208 
PETC 
Pittsburgh, PA 15236 
Subject: 	Progress report for the period March 1, 1982 through March 31, 
1982 for work conducted under Contract DE-A-505-79-ER-10068. 
Part of the work conducted during this reporting period was 
concerned with the determination of the maximum coal burn rate in the 
developed pulsating combustor under stoichiornetric air/fuel ratio operation. 
Experiments were performed for nominal feed rates in the range 50-90 
grimin (which corresponds to 40-72 lb/ft hr) and the results are summarized 
in Table 1. These results indicate that as the nominal feed rate is increased, 
while the air/fuel ratio is kept stoichiornetric, the CO and particulate 
concentrations and particulate emission in the exhaust products also 
increase. These increases may be related to the associated increase in the 
mean flow velocity that is required to maintain a stoichiornetric fuel/air 
ratio in the combustion bed and they are currently under investigation. One 
should also note that the average sound di levels observed during this series 
of tests was higher than those observed ith the previous combustor 
configuration as described in last February's progress report. In the present 
tests the d13 level reached a maximum for a feed rate 75 grimin. At this 
feed rate no bursts of particulates in the exhaust flow and no accummulation 
of unburned material in the coal bed were observed. One should also tiote 
that after reaching a maximum at 75 gr/rnin, the dB level decreases as the 
coal feed rate is further increas e . In addition, the increase in the feed rate 
from 7.5 to 90 gr/min causes a more drastic increase in the CO and 
particulates concentrations in the exhaust flow. These observations are 
consistent with to the argument that the intensity of the pulsations exerts a 
strong influence upon the efficiency of the combustion process. Despite the 
higher losses a.,t higher loads, a maximum heat release of approximately 
856,000 Btu/ft - hr was achieved. This result compares very favorably with 
results reported in the literature for maximum heat releases in state of the 
art combustors (e. g., see Hardesty, D. R. and Pohl, 1. H.: "The Combustion 
of Pulverized Coals - An Assessment of Research Needs," Vol. 1, SAND 78-
8804, Sandia Laboratories, January 1979). Current efforts are concerned 
with the development of an understanding of the mechanisms responsible for 
the trends of the data in Table I. 
Mr. Harry Ritz 
April 12, 1982 
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In addition, this group participated in the Symposium on Pulse-
Combustion Applications, co-sponsored by the Gas Research Institute, DOE, 
and Battelle-Columbus Laboratories, that was held in Atlanta last month. 
Some results obtained to date under this program were presented in the 
conference in a paper entitled "Development of a Pulsating Combustor for 
Burning of Wood". 
During the next reporting period, current efforts that are concerned 
with the elucidation of the relative importance of the various mechanisms 
that control the combustion of coal in the developed pulsating combustor 
will continue. 
Sincerely, 
Ben T. Zinn 
BTZ li j 
Table I. 	Performance of the Pulsating Combustor for different 
Coal Feed Rates under Stoichiometric Conditions. 
Nominal coal 
feed rate (gdmin) 50 58 65 75 90 
dB level 
(average) 162 161 165 166 162.5 
CO (%) 
(Maximum) 1.30 1.59 2.58 2.54 6.11 
CO (%) 
(Average) 0.35 0.32 0.94 1.33 1,96 
Particulate emission 
(grimin) 0.14 0 1.34 2.11 4.75 
% losses 
(CO and particulates) 1.3 2.3 8.0 13.1 
Approximatq heat 
release 	(10 	Btu/ft'hr) 550 624 678 780 856 
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AL'STRACT 
This report Osccii:/es Liv, progress ri ad ulidi7c DOE Contract DE-
AS05-79ER 10068 that terminated on September YO, 1981. The research 
conducted under this program consisted of an investigation of the burning of 
coal in a pulsating mode of combustion in a combustor whose design is based 
upon the Rijke tube principles. The combustor consists of a vertical tube 
opened at both ends wan a fuel burning bed located in the middle of its 
lower hall— n this configuration, the heat re. eased by the combustion 
process sp,..;:ltaneously excites the Fundamental, longitudinal acoustic mode 
of the tube. This study demonstrated that the combustor constructer' under 
this program can Lim coal stably and continuously under either tle self 
as,i:ating or the forced liow modes of operation. In the latter case, 
maximum amplitudes occur near stoichiometric air/fuel rat..) operation, 
incicating that systems utilizing the developed combustor or a similar 
version should possess high thermal efficiencies. Additionally, it was verified 
that pulsating operation is possible for a variety of air/fuel ratios, including 
fuel rich conditions, which suggests that the developed combustor cc be 
used as a coal gasifier. Finally, carbon monoxide, carbon dioxide, and 
particulates concentrations in the exhaust flow were measured. The 
determined carbon monoxide and carbon dioxide concentrations were _Ise d to 
evaluate combustion efficiencies which ranged betw .f. n 89 and 98.5% for 
air/fuel ratios between 1.03 and 1.22, respectively. 
INTRODUCTION  
""his report describes progress made under a research program 
entitled "Development Coai Burn :.g Pulsating Combustor for rower 
Generation" that was supported under DOE Contract DE-AS05-79ER 10068 
during the period October 1, 191 to September 30, 1981. The research 
activities undertaken under this contract have been concerned wii:h the 
investigation of the feasibility of burning coal under a pulsating mode of 
combustion and the determination of the major operational characteristics 
of the developed, Rijke-like pulsating combustor. 
As the name implies, the combustion process in a pulsati::g combustor 
takes place under pulsating (i.e., oscillatory) conditions, ..nplying that the 
various flow propec - es (e.g., pressure, velocity, etc.) at different locations 
in the com6-E.tion oscillate a given frequency that is a characteristic of 
the develo:::::d combustor. In contrast, the flow conditions are basically 
constant in conventional combustors. As it is discussed in more detail L elow, 
interest in the burning of coal under pulsating conditions stems its 
potential advantages that include: 
(1) highly intense combustion process; 
(2) considerably improved convective heat transi:.:: characteristics; 
(3) reduced pollutants formation; 
(4) ability to burn unpulverized coal; 
(5) self aspiration; 
(6) ability to reduce slagging and keep heat transfer surfaces clean; 
and 
(7) ability to burn coal with little excess air. 
While various combinations of the above listed advantages have been 
demonstrated to date in applications involving pulsating combustion of 
gaseous (e.g., see Refs. 1-4) and liquid 1,5 fuels, none of these advantages 
have been demonstrated consistently in applications of the pulsating 
combustion process in the burning of coal and/or other solid 
fuels .Consequently, the investigation described in this report had been 
undertaken with the objective of determining whether a coal burning 
pulsating combustor that is capable of incorporating into its design as many 
of the above listed advantages as possibly could be developed. 
Efforts conducted to date on the application of pulsating combustion 





deal with the development of experimental combustors; Sommers
8 that 
describe a full scale application in Germany in the 1950s; and Lyman
9 who 
studies individual coal particles combustion under pulsating conditions. In 
addition, Ref. 1 contains several conceptual papers that discuss the 
development of coal burning pulsating combustors. All of the experimental 
efforts to date utilized pulverized coal and their design was either identical 
or representative of the well known Schmidt tube
1 design that provided the 
foundation for the well known V1 "Buzz Bomb" that was developed by the 
Germans during the second world war. Before proceeding with the discussion 
of the results of the coal studies 6-9 , a brief discussion of some of the 
The principal investigator of this project has been told of such studies 
in the Soviet Union, but no written descriptions of such studies could 
be found in the English literature. 
2 
characteristics of the Schmidt Tube are in order. In this case it can be shown 
that in order to achieve a pulsating mode of combustion, the characteristic 
combustion time (that may include the characteristic times of vaporization, 
mixing, chemical kinetics and so on processes) must be of the order of half 
the period of oscillation of the combustor. Qualitatively, this 
requirement 1,10,11 is due to the fact that in order to achieve a pulsating 
mode of combustion in a Schmidt tube, the heat release due to combustion 
needs to occur during the phase of maximum pressure in the combustor. 
Since in the Schmidt tube the fuel and oxidizer are injected into the 
combustor near the phase of pressure minimum (see Fig. I), the time 
available for combustion between the injection instant and the instant of 
maximum pressure (when the combustion should occur) is approximately half 
the period of the oscillation, which explains the above stated criterion. 
Satisfying the above stated time condition 
combustion 	2 T 
(1) 
does not appear to present any difficulties when gaseous fuels are involved 
and various pulsating combustors that utilize such fuels have been developed 
to date 1-4 . However, as one changes from gaseous to liquid to solid fuels the 
combustion time becomes longer due to the "addition" of such processes as 
heating, vaporization, surface combustion and so on into the combustion 
process and satisfying Eq. (1) above becomes more difficult 5-7 . In the case 
of pulverized coal combustors, attempts to resolve this difficulty usually 
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combustion time6 ' 7  . When the coal was not preheated, the developed 
combustors suffered from such problems as inability to stabilize the 
combustion process, incomplete combustion, and difficulties in maintaining 
pulsating combustion for different fuel/air ratios, and efforts to resolve 
these difficulties have resulted in cumbersome combustor design. 
Consideration of these problems at the initiation of this program had lead 
this group to the conclusion that burning coal in a Schmidt type pulsating 
combustor is bound to experience difficulties and the decision was made at 
the time to proceed with the development of a coal burning pulsating 
combustor that would be based upon the radically different Rijke tube 
oscillator 12 . As is described in the next section, results obtained to date 
under this program indeed demonstrate that the Rijke-like combustor 
developed by this group is capable of successfully burning coal and other 
solid fuels under a pulsating mode of combustion over wide ranges of 
operating conditions. 
Next, before proceeding with the discussion of the characteristics of 
the pulsating combustor that was developed under this program, it would be 
appropriate to provide evidence in justification of claimed advantages of the 
pulsating combustion process, as listed under items (1) through (7) earlier in 
this section. 
1. 	Highly Intense Combustion Process. In Schmidt type pulsating 
combustors and in the one developed under this program the occurrence of 
pulsating combustion is associated with the presence of acoustic velocity 
oscillations in the combustor in addition to a steady flow velocity 
component. The acoustic velocity component changes directions at a rate 
5 
that equals the frequency of pulsations and it is believed to greatly enhance 
the rate of mixing of fuel and oxidizer in the combustor, resulting i. a high 
rate of combustion. 
Additional explanation that has been advanced is the literaT: ire
1 
for 
the hig:- combustion rates of co:: partic,es in pulsating comL.,stors is the 
periodic stripping of the blanket of combustion products that surrounds the 
coal particle by the oscillating acoustic velocity. This action reduces the gas 
phase resistance (that is provided by the blanket of combustion products) to 
the migration of oxygen molecules toward coal particle surface, 
resulting in the acceleraticn of the coal v_ti-ticle combustion. The above 
argument was based upon tae notion that a coal particle is surrounded by a 
layer of combustion products after :re initial phase of volatiles combustion. 
Recent combustion studies at Sandia " seem to indicate, however, tl - at the 
panicle and the blanket of combustion products tend to "separate" 'before 
the coal particle is completely burned even in the absence of pulsations. 
While this n.ay to contradict the argument advanced n this 
paragraph, it is nevertnei ,ss plausible that the presence of pulsations 
enhances the stripping of the combustion products layers i:om coal 
particles. 
While there may be some questions regarding the exact mechanism(s) 
responsible for L. e rate of COE:, burning due to pulsations, evidence 
provided by Sommers 8 and Lyman9 who studied 7ulverized coal combustion 
clearly supports this claim. Finally, as will be discussed in the next section, 
our own work to date in th area indicates that tn.- pulsa -i.ing combustion 
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Figure 2. The Effect of Oscillations on tJte DIsLribuLi ,du of 
Heat Transfer Coefficient in the - oolhustor, 
7 
Btu/ft 2hr). 
The implication of a high combustion rate is that the resulting 
combustor will be smaller in size requiring a smaller initial capital 
investment. 
2. Improved Heat Transfer Characteristics.  The presence of acoustic 
oscillations is apparently responsible for considerably increased con ✓ective 
heat transfer from the flow to the surrounding boundaries. This phenomenon 
is 	known and it had been responsible in the past for the melting of the 
walls of liquid propellant rocke motors after the onset of combustion 
instability. A good oi:cussion of this phenomenon is provided by Hanby: 14 and 
the resulting improvement in t:,e convective heat transfer coefficient is 
described in Fig. 2 that was taken from Ref. 14. Figure 2 shows that the 
heat transfer coeficient depends upon the local flow conditions and that it 
reaches a maximum at a location of maximum acoustic velocity amplitude 
near the exit of the combustor. Comparing the plots provided in Fig. 2 for 
the heat transfer coefficients under pulsating and nonpulsating conditions 
clearly indicates the improved heat transfer process that are associated 
with pulsating operatin. 
In praciicai 	L- he improved heat transfer that is associate( with 
:::::esence of acoustic velocity oscillations indicates that a given amount 
of heat can be transferred over a smaller heat transfer area, implying the 
need for a smaller neat exchanger and a smaller initial capital investment. 
3. Reduced Pciutants Formation.  This claim is supported by related 
studies conducted in the U. S. and cre U. S. S. R. with pulsating combLstors 
that utilized gaseous and liquid fuels. Reference 15 describes a 76..ssian 
8 
investigation that specifically dealt with this problem. In this study, 
pollutants formation in two different combustor designs were compared 
under pulsating and nonpulsating (i.e., turbulent) operating conditions 
utilizing gaseous and liquid fuels. In all of the investigated cases, the results 
show reductions in the production of nitrogen oxides, carbon monoxide, 
hydrocarbons, sulfur dioxide and soot as a result of transition from 
nonpulsating to pulsating operation, with the reductions being significant 
(i.e., orders of magnitude) in most cases. In this case, the reduction in the 
production of carbon monoxide, hydrocarbons and soot also indicates that 
the presence of pulsations results in a more complete combustion process 
(i.e., higher combustion efficiency) which also supports some of the 
arguments advanced under item (1) above. Another point that needs to be 
emphasized is that pollutants reductions were observed while burning both 
gaseous and liquid fuels, suggesting that similar benefits might also occur 
during pulsating combustion of solid fuels. 
Additional support for reduced nitrogen oxides formation during 
pulsating combustion is provided in the work of Belles 2 that deals with 
pulsating combustion of gaseous fuels. The following is a quote from Ref. 2 
that describes these results: "Fortunately, our measurements show that the 
NO emissions of pulse burners are considerably lower than those of 
conventional furnaces, both in absolute concentration and also in terms of 
mass emitted per unit of usable heat appear to be real and they are most 
encouraging". 
While the above observations need to be further investigated, 
especially for coal combustion, they nevertheless indicate that the use of 
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pulsating co.Jbustion may reduce the production of pollutants to levels that 
will eliminate need for complex combustor designs (e.g., combustion 
staging; see Ref. 16) anJ/or the incorporation of some expensive pollutants 
removal procedures or equipment into the system, resulting in reductions in 
both operational and/or capital investment costs. 
4. Ability to Burn Unpulverized Coal. This is a characteristic of the 
Rijke-type pulsating combustor developed under this program and it is 
o_scussed in more detail in the next section. It's avaLability eliminate:, the 
need for investing in the acqu.sition of pulverL:ers and the contim ous 
pulverizing cost, thus reGucing boil capital investment and operational 
costs. his feature shoulu be particularly attractive to industries that are 
considering a switch to coal utilization and are considering the cost of such 
a move. 
5. Self Aspiration. This feature implies that the combustor can "pt.rnp" 
its own oxidizer eliminating the need for auxiliary fans and/or pumps that 
are utilized in conventional combustors for moving the oxidize: i.e., air) 
through the combustor. This unique feature of pulsating combustors offers 
the possibility of eliminating the costs associated with the purchase and 
operation of the needed air pu.. ► pir,L, equipment. 
Before leaving this section, it should be pointed out that pulsating 
combustors can be operated under both self aspirating and forced oxio.zer 
Low conOltions. 
6. ReGuced Slagging am. Keeping that Heat Transfer Surfaces Clean. 
The acoustic velocity osciiiatk;ns t,-at are associated with the pulsating 
combustiol, process result in back-and-for 	me Liens (of different 
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amplituues) of the gases along the various combustor and heat transfer 
suraces. According to the Russian literature 5' 16 and physical intuition, this 
motion res,:its in a scrubbing type action on the surface that reduces or 
prevents slagging and foreign material depositions along these surfaces. This 
scrubbing action of the acoustic velocity in pulsating combustors may 
provide an acce2.able solution to this serious problem. 
7. 	Ability to Burn with Little Excess Air.  Convezitional combuzlors 
operate with airguel mixtures that may contain up to forty percent more air 
than is required for stoichiorric combustion. The us of excess as results 
in a decrease in the thermal efficiency of the system due to the costs 
associated with the thermal losses in the exhaust products, the pumpia; s- the 
additional air and me energy lost in vaporizing the moisture content o; the 
air. In addition, the excess air results in iower temperatures of the 
combustion products which may aversely affect heat transfer processes. 
Thus, it is desired to operate with as little excess air as possible. in studies 
conducted by this group and those described in Ref. 15 it has been found that 
maximum amplitude of pulsating combustors might be able to operate 
efficiently with little excess air, resulting in combustors having higher 
thermal efficiencies. 
The above discussion describes the observed advantages of the 
pulsating combustion process that provided the impetus for this research 
program. It consisted of the development of the Rijke-like, coal burning, 
pulsating combustor and its testing under different operating conditions. The 
results of these efforts are described in the following section. 
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PROGirAivi  
This section is divided into two parts with the first part providing the 
background for the Rijke tu6e combustor that has been utilized in this study 
and the second part briefly describing aci -iiveme:::ts under this program. 
The Developed Rijke Type Combusto.. 
Or of t. initial objectives of this .::rogram was the developmizit of 
a coal burning pulsatag combustor that woi...A not suffer from the 
shortcomings of the earlier designs, as discussed in the Introduction Section. 
Considerations of the prcu...:ms that needed to be resolved and a personal 
communication with Severyanin during a 1978 visit to the Soviet Union lead 
to the conclusion that a pulsating combustor based upon the Rijke Tube 12 
principles may offer an attractive alternative to the previously used Schmidt 
tube-like combustor designs 6 . 
The Rijke Tube, which was fi:st developed in the 19th century, is 
shown schematically together with is associated acoustic wave structure in 
Fig. 3. In this configui-ation, the r: -.z al gauze is heated either apriori by a 
dame or concurrently IDy an wectric curcent. In either case the wire acts as 
a heat source that induces an upward steady flow in the tube due to natural 
draft and periodic heating of the gas that results in tt'e excitation of the 
natural mode of the tube, whose structure is also shown in Fig. 3. 
Thcoi- etical investigations of the operation of -t.e Rijke tube have been 
conducted by Carrier 17 and Culick . In both cases it has been argued - :hat 
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Figure 3. 	Schematic of the Rijke Tube 
13 
normalized velocity oscillation (u' ra) via the relationshi,) 
Q /Q = qe 	(u /a) 
(2) 
where Q is the heat transfer, q is a proportionality constant, ' is the phase 
difference between the heat addition and velocity perturbation and a the 
velocity of sound. The magnitude of the phase 4 1 is of interest to the 
understanding of the physics of the problem. According to Rel. 17, 
= 3rr /8 while according to Ref. 18 0 < 	< rr . 
Another point that needs to be emphasized is the impor,:ance of 
having a steady flow past the wire to the onset of an oscillation of the 
fundamental mode 18 . In the absence of such a flow, -..he frequency of any 
exci ced oscillation will be twice the frequency of the fundamental mode due 
to the fact that the heat transfer from the wire is proportional to the 
magnitude of the velocity and not its direction. On the other hand it can be 
shown that the presence of both a mean velocity and en oscillating velocity 
component may result in the excitation of the Fundamental mode cf the 
tuoe. 
Additional experiments that influenced -,`. -te present program were 
those conducted by. Bosscha and Riess l° in which hot flow was introduced 
into the Bottom of a vertical tube and heat was removed from the flow at a 
distance 3L/4 from the bottom of the tube as shown in Fig. 4. As in Rijke's 
experiments, the removal of the heat at the indicated location resulted in 
the excitation the fundamenta mode of the tube as shown in Fig, 4. 















Tube Pressure and 
INFLOW Velocity Wave Structure 
Figure 4. A Schematic of the BosscL an,d Riess Exprirnents. 
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Riess experiments can be explained utilizing arguments similar to those used 
to explain the mechanisms responsible for the onset of the oscillation in the 
Rijke tube. 
In summary, the Rijke, Bosscha and Riess experiments showed that 
the fundamental mode of a tube opened at both ends may be excitec if heat 
is added at a dist:ce of L/4 and/or removed at a distance of 3L i4 from the 
entrance of the tube. Keeping this in mind, a pulsating combustor could be 
designed by replacing the hot metal gauze by a coal burning bed at -.:he L/4 
position. While having a heat source at the L/4 position would be sufficient 
for obtaining a pulsating combustor, the pulsations would be amplified 
according to the Bosscha and Reiss experiments if heat is also removed from 
the hot combustion products at the 31.14 position. 
Summary of Accomplishments to Date 
This section briefly summarizes the major accomplishments of this 
progr_ T1 to date. The ,-A-;:ectives of this dy were ) (1) determine whether 
a coal burning pulsating combustor based upon one Rijke tube principles 
could be developed, and (2) determine the main operational characteristics 
of such combustor. 
The developed Rijke tube pulsating combustor is shown in Fig. 5. It 
consis -;.:,, of cylindrical segments with internal diameter of 5.5" and wall 
thickness of 0.25". The total length is 108". Additional segments were built 
to permit variations if. the combustor's length. Since the fuel remains in the 
bed over many cycles, this combustor does not suffer from the difficulties 
encountered in tile previously discussed Schmidt type combustors LI which 
16 
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Figure 5. Schematic of the Developed Rijke Tube Pulsating 
Combustor. 
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preheating of the pulverized coal was req.-zed in order to satis 	the 
combustion time requirements. In this combustor configuration (see Fig. 5), 
coal is supplied to the combustion bed by means of a calibrated auger type 
feed system and pulsating core bustion can be attained under either a self 
aspirat::18; or a forced flow mode of operation. Under the forced flow mode, 
the decoupling chamber serves to guide the air into the combustor without 
ai ^ering she rec,,iired open end boundary condition at the lower end. Coal was 
burned in a metal wire combustion bed located at L/4 and a water heating 
jacket was installed near the 3L/4 position. The lower decoupling chamber is 
disconnected from the tube when the combustor is operaced under the self 
aspirating regime. 
Developed 	measurement 	capabilities 	include 	thermocouple 
temperature measurements at different locations within the combustor, 
acoustic pressures using a condenser microphone, velocities using ho;: film, 
air flow rates during forced flow experiments using rotameters, high speed 
combustion zone photc8rapH, specia.Ay designed viewing windows, 
coal feed rates utilizing a calibration curve of the auger type feed system, 
carbon : -Ionoxie aA carbon diox 6as concentrations at the exhaust flow 
using two Beckman model 864 infrared analyzers, and particulate em.ssions 
using a specially designed gas particulate sampling train. A sketch Df the 
combined gas-particulate sampling train is shown in Fig. 6. The carbon 
monoxide and carbon dioxide gas concentration measurements in the exhaust 
flow provide data for the evaluation of the system's combustion efficiencies. 
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Figure 6. Schematic of the Combined Gas-Particulates 
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Legend (Fig.6 ) 
(1) Cylindrical shape sintered metal filter (60 ) - gas sampling 
(2) Nozzle type Si" diameter probe - isokinetic particulate sampling 
(3) Pressure regulator with valve - purge system 
(4) Two way valves 
(5) Four way valve 
(6) Three way valves 
(7) Filter - retention of 99.7% of particles greater than 0.3 
(S) 	Ice bath 
(9) Separators 
(10) Protection filters 
(11) Relief valve 
(12) Dual head pump 
(13) Vacuum gauge 
(14) Thermocouple 
(15) Flowmeter 
(16) Needle point valves 
(17) Flowmeters with valve 
(18) Infrared analyzers 
In w~iat follows, the major results ob::-ined to thte ut...lizing the above 
describeci experimental et up are briefly discussed. 
1. Combustor Operation.  This program has established that a Rijke type 
pulsating combu:, cor can be utilized to burn coal and other solid fuels stably 
and continuouly under either self aspirating or forced flow conditions. 
Pulsatin,; combustion operation has been obtrcifled consistently wits the 
developed combustor within minutes after the ignition of the combustion 
bed. 
U.ilizing a nine foot length combustor, results obtained to date 
showed that the frequency of pulsation was in the range 74 to 84 Her :z and 
that the pressure amplitude varied between 140 and 160 dB for operations 
under the self aspirating mode and between 150 and 165 dB for operations 
under me forced flow mode. 
2. Characteristics of the Developed Pulsating Combustor.  One nInsure 
of 	performance of the developed combustor is the amplitude of the 
exciced aco..:sLc: osci:lation. In this case an increase in the amplitude implies 
better coupling between the combustion process and the natural acoustic 
mode of the combustor that shouiu result in "better" mixing and 
consequently more efficient combustion process. addition, the increase in 
amplitude may result in better neat transfer processes and reduced 
pollutants formation. Thus, mea5.;„red dependence of the amplitude of the 
oscillation upon different comoustor operating ..)arameiers has been used as 
an indication of the performance of the system wl a higher amplitude 
operation implying a more "efficient" Aeration. 
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Tes::± conducted to date showed that the amplitude of pulsations 
depends upon the location of the combustion zone within the lower half of 
the tube. For a given combustion bed configuration the amplitude is near 
maximum when the bed is located a distance of L/4 from the entrance to the 
tube. Also, moving the bed to different positions results in the excitation of 
higher harmonics of the fundament . l combustor mil.de. 
The amply nude also depends upon the degree of accumulation of coal 
in the bed. For low or zero accumulation, acoustic energy dissipation la the 
bed Is m:; . imized and t!--. -e ampLtude of 1±:e combustor pulsations 
increases.The amplitude of -le o: ciliation decreased as the length of the 
combustor was decreased. As a matter of fact maximum amplitude was 
obtained with the maximum tested combustor length of 9 feet. This result 
indicates that the various processes responsible for wave excitation and 
wave losses are frequency dependent and that there is an optimum frequency 
of operation for Rie Tare Combustors. it appears that for the present 
combustor a fur.er (small', increase in Length may result in further 
amplitude increase. These resL.ts also indicate ti,at e.n investigation at the 
optimum frequency of 3 .:,€,:azion .s desirable. 
3. 	Forced Flow Operation. Pulsating operation under forced flow 
cc editions permitted testing under a variety of air/fuel ratios. A series of 
tests were conducted with coal and wood for different air/fuel ratios and the 
results, plotted in Figs. 7 and 8, show that the amplitude of the oscillation 
strongly depends upon the air/fuel ratio with the maximum occurring year 
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Figure 7. Measured Acoustic Pressure Amplitudes for Experiments 
Conducted with Coal Burned under Different Air/Fuel 
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Figure 8. Measured Acoustic Pressure Amplitudes for 
for Experiments Conducted with Wood Burned 
under Different Air/Fuel Ratios and Different 
Steady Velocities. 
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results 15 and it supports the p:,:vious claim that the pulsaLii,g combustors 
could be operated whh lit pie excess air, resulting in higher 
efficiencies for the combustor. 
Figure 8 also indicates that the amplitude of the oscillation depends 
upon the magnituciz. of the steady state velocity 5, with the available data 
showing that an increase in u leads to an increase in the amplitude of 
pulsation. These data indicate that the coupling (i.e., driving) between the 
combustion process and the oscillation strongly depends upon the magnitude 
of the steady velocity through the combustion zole. This result also 
_nd_cates thai: this coupling process needs to be further investigated and that 
forced flow operation which provides an independent control of the 
magnitude of u may be preferable in terms of providing means for 
controlling the operation of the pulsating combustor. 
4. 	Fuel Rich Operation. Another significant  aspect of the data presented 
in Figs 7 and 8 is the demonstration that pulsating combustion operatior was 
achieved under fuel rich conditions (i.e., a < 1). 	for ce < ; the 
exhaust flow is fuel rich and it could possibly be used as a fuel, then these 
suggest t71 I: the Developed pulsating 	 or a modified 
version, could be poss ply used in solid fuel gasi.l'ication appi .ications. 
Comparisons Beween Pulsating and Nonpulsating Operation.  During 
the course of this study, it has :peen found that opening one or two small 
hoes in the wall of the combustc; . oe a few inches ai)ove combustion 
bed results in the cessation of the pulsations. This capability allowec for 
qualitative comparisons of the chara. -iteristics of the combustion zones and 
exhaust flows under pulsating a; -)d nonpulsating conditions. Wher the 
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combustor was pulsating, visual observations Al •dicated that the luminous 
combustion zone was short exhibiting extrerm...-4 intense "agi , ation" of the 
gases within the combustion zone. In addition, flamelets moving periodically 
downward (against the direction of the steady upward flow) througi the 
holes of the wire mesh supporting the co. -.1 bed we. e. observed. This 
downward motion was undoubtewy cause° by the back-and-fora motion of 
the acoustic velocity near the combustion bed which is also responsible for 
ir ,:ensified mixing within the combustion zone; the latter is probably 
responsible for the "compactness of the observed combustion zone. In 
addition, the ex. iaust ...ow leaving ,e combustor appeared clear and smoke 
free. 
When pulsations are absent, the combustion bed with the through air 
flow probably approximates the combustion in an stoker type combustor. In 
this case, observations of the fuel bed showed the presence of a relatively 
long lurr.nuous combustion zone that "started" someplace near the middle of 
r,ed and extended some distance above the be— Furthermore, the 
combustion zone lacked the "intensity" or "vibrations" observed during 
pulsating combustion and there were no flamelets protruding below the wire 
mesh coal support. Finally, the presence of black smoke was clearly visible 
in the exhaust flow. 
Also, comparisons of exhaust flows concentrations showed that the 
presence of pulsations reduces CO and conce Ttrations increasing CO 2 
 concentration, implying that pulsations result in a more complete 
combustion process. 
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The observed difference in 	characteristics of the combustion 
zonc:., and e:,haust flow.L, between 	two modes of combustion strongly 
support the argument that the presence of acoustic velocity oscillations near 
the combustion bed during pulsations is responsible for intensified mixing 
consequemiy, more rapid and complete burning of the solid fuel in the 
6. Muitiple Fuel Operations. To date, puLuting operation was studied 
under this program utilzing different commerciaiiy available coals (one of 
which was sup i:)iied by Georgia Power) and a variety of woods cortaining 
Gifferec,t amounts of rnois...r -,=, While the ampli .ude of the resulting 
pulsation depended upon the characteristics of Ii1e fuel, pulsating operation 
was obtained in ai instances. As a matter of fact, the combustor had no 
problems burning wood with forty percent moisture content and freshly cut 
wood, which cannot be readily turned in most combustors. 
These observations together with earlier 19 successful operat .on of a 
Rijke tube combustor with a gaseous fuel suggest that Rijke type, pulsating 
combustors capable of multiple fuels operation, including low grace fuels 
(e.g., freshly cut wood), could be designed the tutu:e. 
7. Combustion Efficiencies. The carbon dioxide and carbon monoxide 
concentration measurements in 	exhaust flow together with the measured 
air/fuel ratios, the determined coa. composition (i.e., by ultimate analysis); 
ahe' considerations of mass conservation were :,:sed to evaluate the 
combustions efficiencies of the system under different conditions in the 
forced flow mode of operation. For a coal feed rate of 50 gr/rn..n and 
clliffere.-.t air/fuel ratios, ,ne com, -)ustion e'ficiency ranged from 89 to 98.5% 
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for values of o  (i.e., the normalized air/fuel ratio) ranging from 1.03 to 
1.22, respectively. The combust: on efficiencies for correspondin. ; non 
pulsating operations were always found to be lower (e.g., in some instances 
15% lower) tnan the values determined for pulsating operation. 
8. Combu:. -zion In....:nsities. Using the computed comoustion efficic tcies 
and measured coal feed rates the combustion process heat release rates 
were calculated. Maximum heat release rates of 750,000 Btu/hr ft
2 
were 
achieved with stoichiometric operations, a value that compares very 
favorably with energy release rates of recent state of the art combustors
20
. 
9. Particulate Emission. A 	plot showing the relative amounts of 
particulates generated under different air/fuel ratios and nominal feed rate 
of 50 gr/min is presented in Fig. 9. A drastic reduction in particulates 
formation with an increase in c  is observed with the particulates formation 
reaching an almost constant minimum level for a, larger than 1.1. One 
sho.Ad also note that for 	of the tested a 	part,culates formation was 
considerably higher under non pulsating operation. 
The results obtained under this research program demonstrated that 
iiip,,iverized coal can be burned continuously and stably in a Rijke type 
combustor. Under pulsating operat on, the presence of acoustic oscillations 
enhances the mixing between oxidizer and ft.el which increases the 
efficiency and heat release rate of the combustor. Maximum ampli•:udes 
occur when the air/fuel ratio is nearly stoichiometric which suggests that 
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() Pulsating combustion 

















Figure 9. Dependence of the Particulate Generation upon 
the Air/Fuel Ratio for Nominal Feed Rates of 
50 gr/min 	/mc = ratio between collected mass 
of particula&s and feed rate of the coal). 
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devices (e.g. 	boilers, water heaters, etc.) utilizing such a 3u1sating 
combustor should possess high I:iermal efficiencies. It was also ver.,fied that 
pulsating combustion operation of the developed combustor is poss.11e for a 
variety of air/fuel ratios, including very fuel rich conditions (eg. = 0.36). 
Under these fuel rich situations, the exhaust —ow is combust_ble indicating 
that the developed Rijke combustor could possibly be also utilized as a coal 
gasifier. In closing, the results obtained under this program to date 
demonstrate that with further development, Rijke type pulsating cc Tthustors 
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ABSTRACT 
This report describes the progress made under DOE Contract DE-
AS05-79ER 10068 that terminated on September 30, 1981. The research 
conducted under this program consisted of an investigation of the burning of 
coal in a pulsating mode of combustion in a -ombustor whose design is based 
upon the Rijke tube principles. The combustor consists of a vertical tube 
opened at both ends with a fuel burning bed located in the middle of its 
lower half. In this configuration, the heat released by the combustion 
process spontaneously excites the fundamental, longitudinal acoustic mode 
of the tube. This study demonstrated that the combustor constructed under 
this program can burn coal stably and continuously under either the self 
aspirating or the forced flow modes of operation. In the latter case, 
maximum amplitudes occur near stoichiometric air/fuel ratio operation, 
indicating that systems utilizing the developed combustor or a similar 
version st,ould possess high thermal efficiencies. Additionally, it was verified 
that pulsating operation is possible for a variety of air/fuel ratios, including 
fuel rich conditions, which suggests that the developed combustor could be 
used as a coal gasifier. Finally, carbon monoxide, carbon dioxide, and 
particulates concentrations in the exhaust flow were measured. The 
determined carbon monoxide and carbon dioxide concentrations were used to 
evaluate combustion efficiencies which ranged between 89 and 98.5% for 
air/fuel ratios between 1.03 and 1.22, respectively. 
INTRODUCTION  
This report describes progress made under a research program 
entitled "Development of Coal Burning Pulsating Combustor for Power 
Generation" that was supported under DOE Contract DE-AS05-79ER 10068 
during the period October 1, 1980 to Sep v=amber 30, 1981. The research 
activities undertaken under this contract have been concerned ,vith the 
investigation of the feasibhity of burning coal under a pulsating node of 
combustion and the determination of the major operational characteristics 
of the developed, Rijke-like pulsating combustor. 
As the name implies, the combustion process in a pulsating combustor 
takes place under pulsating (i.e., oscillatory) conditions, implying that the 
various flow properties (e.g., pressure, velocity, etc.) at different locations 
in the combustion oscillate with a given frequency that is a characteristic of 
the developed combustor. In contrast, the flow conditions are basically 
constant in conventional combustors. As it is discussed in more detail below, 
interest in the burning of coal under pulsating conditions stems from its 
potential advantages that include: 
(1) highly intense combustion process; 
(2) considerably improved convective heat transfer characteristics; 
(3) reduced pollutants formation; 
(4) ability to burn unpulverized coal; 
(5) self aspiration; 
(6) ability to reduce slagging and keep heat transfer surfaces clean; 
and 
(7) ability to burn coal with little excess air. 
1 
While various combinations of the above listed advantages have been 
demonstrated to date in applications involving pulsating combustion of 
gaseous (e.g., see Refs. 1-4) and liquid i ' 5 fuels, none of these advantages 
have been demonstrated consistently in applications of the pulsating 
combustion process in the burning of coal and/or other solid 
fuels .Consequently, the investigation described in this report had been 
undertaken with the objective of determining whether a coal burning 
pulsating combustor that is capable of incorporating into its design as, many 
of the above listed advantages as possibly could be developed. 
Efforts conducted to date on the application of pulsating combustion 
in the burning of coal include the studies of Severyanin
6 
 and Hanby` that 
deal with the development of experimental combustors; Sommers
8 
that 
describe a full scale application in Germany in the 1950s; and Lyman
9 who 
studies individual coal particles combustion under pulsating conditions. In 
addition, Ref. 1 contains several conceptual papers that discuss the 
development of coal burning pulsating combustors. All of the experimental 
efforts to date utilized pulverized coal and their design was either identical 
or representative of the well known Schmidt tube 1 design that provide( the 
foundation for the well known VI "Buzz Bomb" that was developed by the 
Germans during the second world war. Before proceeding with the discussion 
of the results of the coal studies 6-9 , a brief discussion of some of the 
The principal investigator of this project has been told of such studies 
in the Soviet Union, but no written descriptions of such studies could 
be found in the English literature. 
2 
characteristics of the Schmidt Tine are in order. In this case it can be shown 
that in order to achieve a pulsating mode of combustion, the characteristic 
combustion time (that may include the characteristic times of vaporization, 
mixing, chemical kinetics and so on processes) must be of the order of half 
the period of oscillation of the combustor. Qualitatively, this 
requirement
1 ' 10 ' 11 is due to the fact that in order to achieve a pulsating 
mode of combustion in a Schmidt tube, the heat release due to combustion 
needs to occur during the phase of maximum pressure in the combustor. 
Since in the Schmidt tube the fuel and oxidizer are injected into the 
combustor near the phase of pressure minimum (see Fig. I), the time 
available for combustion between the injectior instant and the instant of 
maximum pressure (when the combustion should occur) is approximately half 
the period of the oscillation, which explains the above stated criterion. 
Satisfying the above stated time condition 
1 
T combustion 	2 T 
(1 ) 
does not appear to present any difficulties when gaseous fuels are involved 
and various pulsating combustors that utilize such fuels have been developed 
to date 1-4 . However, as one changes from gaseous to liquid to solid fuels the 
combustion time becomes longer due to the "addition" of such processes as 
heating, vaporization, surface combustion and so on into the combustion 
process and satisfying Eq. (1) above 5ecomes more difficult y-7 . In the case 
of pulverized coal combustors, attempts to resolve this difficulty usually 
involved various schemes for preheating the fuel in order to shorten the 
3 
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combustion time6 ' 7  . When the coal was not preheated, the de veloped 
combustors suffered from such problems as inability to stabilize the 
combustion process, i  :omplete combustion, and difficulties in maintaining 
pulsating combustion for different fuel/air ratios, and efforts to resolve 
these difficulties have resulted in cumbersome combustor design. 
Consideration of these problems at the initiation of this program had lead 
this group to the conclusion that burning coal ir a Schmidt type pulsating 
combustor is bound to experience difficulties and the decision was made at 
the time to proceed with the development of a coal burning pulsating 
combustor that would be based upon the radically different Rijke tube 
oscillator 12 . As is described in the next section, results obtained to date 
under this program indeed demonstrate that the Rijke-like combustor 
developed by this group is capable of successfully burning coal and other 
solid fuels under a pulsating mode of combustion over wide ranges of 
operating conditions. 
Next, before proceeding with the discussion of the characteristics of 
the pulsating combustor that was developed under this program, it would be 
appropriate to provide evidence in justification of claimed advantages of the 
pulsating combustion process, as listed under items (1) through (7) earlier in 
this section. 
1. 	Highly Intense Combustion Process. In Schmidt type pulsating 
combustors and in the one developed under this program the occurrence of 
pulsating combustion is associated with the presence of acoustic velocity 
oscillations in the combustor in addition to a steady flow velocity 
component. The acoustic velocity component changes directions at a. rate 
5 
that equals the frequency of pulsations and it is believed to greatly enhance 
the rate of mixing of fuel and oxidizer in the combustor, resulting in a high 
rate of combustion. 
Additional explanation that has been advanced in the literature
' 
for 
the high combustion rates of coal particles in pulsating combustors is the 
periodic stripping of the blanket of combustion products that surrounds the 
coal particle by the oscillating acoustic velocity. This action reduces the gas 
phase resistance (that is provided by the blanket of combustion products) to 
the migration of oxygen molecules toward the coal particle surface, 
resulting in the acceleration of the coal particle combustion. The above 
argument was based upon the notion that a coal particle is surrounded by a 
layer of combustion products after the initial phase of volatiles combustion. 
Recent combustion studies at Sandia 13 seem to indicate, however, that the 
particle and the blanket of combustion products tend to "separate" before 
the coal particle is completely burned even in the absence of pulsations. 
While this may appear to contradict the argument advanced in this 
paragraph, it is nevertheless plausible that the presence of pulsations 
enhances the stripping of the combustion products layers from the coal 
particles. 
While there may be some questions regarding the exact mechanism(s) 
responsible for the high rate of coal burning due to pulsations, evidence 
provided by Sommers 8 and Lyman 9 who studied pulverized coal combustion 
clearly supports this claim. Finally, as will be discussed in the next section, 
our own work to date in this area indicates that the pulsating combustion 
process is characterized by a very high combustion rate per unit area (i.e., 
6 























INPUT 60,000 BTU/HR 
COMBUSTOR PULSATING AMPLITUDE 










Fioure 2, The. Effect of Ot-tcjitafion:> un 	Dj_Lrlf:ut_Lm 
Heat Transfer Coefficient: in the CopttbuL .,Lor , 
7 
Btu/ft 2hr). 
The implication of a high combustion rate is that the resulting 
combustor will be smaller in size requiring a smaller initial capital 
investment. 
2. Improved Heat Transfer Characteristics. The presence of acoustic 
oscillations is apparently responsible for considerably increased convective 
heat transfer from the flow to the surrounding boundaries. This phenomenon 
is well known and it had been responsible in the past for the melting of the 
walls of liquid propellant rocket motors after the onset of combustion 
instability. A good discussion of this phenomenon is provided by Hanby 14 and 
the resulting improvement in the convective heat transfer coefficient is 
described in Fig. 2 that was taken from Ref. 14. Figure 2 shows that the 
heat transfer coefficient depends upon the local flow conditions anc' that it 
reaches a maximum at a location of maximum acoustic velocity amplitude 
near the exit of the combustor. Comparing the plots provided in Fig. 2 for 
the heat transfer coefficients under pulsating and nonpulsating conditions 
clearly indicates the improved heat transfer processes that are associated 
with pulsating operation. 
In practical terms, the improved heat transfer that is associated with 
the presence of acoustic velocity oscillations indicates that a given amount 
of heat can be transferred over a smaller heat transfer area, implying the 
need for a smaller heat exchanger and a smaller initial capital investment. 
3. Reduced Pollutants Formation. This claim is supported by related 
studies conducted in the U. S. and the U. S. S. R. with pulsating combustors 
that utilized gaseous and liquid fuels. Reference 15 describes a Russian 
8 
investigation that specifically dealt with this problem. In this study, 
pollutants formation in two different combustor designs were compared 
uncle, pulsating and nonpulsating (i.e., turbulent) operating conditions 
utilizing gaseous and liquid fuels. In all of the investigated cases, the results 
show reductions in the production of nitrogen oxides, carbon monoxide, 
hydrocarbons, sulfur dioxide and soot as a result of transition from 
nonpulsating to pulsating operation, with the reductions being significant 
(i.e., orders of magnitude) in most cases. In this case, the reduction n the 
production of carbon monoxide, hydrocarbons and soot also indicates that 
the presence of pulsations results in a more complete combustion process 
(i.e., higher combustion efficiency) which also supports some of the 
arguments advanced under item (1) above. Another point that needs to be 
emphasized is that pollutants reductions were observed while burning both 
gaseous and liquid fuels, suggesting that similar benefits might also occur 
during pulsating combustion of solid fuels. 
Additional support for reduced nitrogen oxides formation during 
pulsating combustion is provided in the work of Belles 2 that deals with 
pulsating combustion of gaseous fuels. The following is a quote from Ref. 2 
that describes these results: "Fortunately, our measurements show that the 
NOx emissions of pulse burners are considerably lower than those of 
conventional furnaces, both in absolute concentration and also in terms of 
mass emitted per unit of usable heat appear to be real and they are most 
encouraging". 
While the above observations need to be further investigated, 
especially for coal combustion, they nevertheless indicate that the use of 
9 
pulsating combustion may reduce the production of pollutants to levels that 
will eliminate the need for comp.ex combustor designs (e.g., combustion 
staging; see Ref. 16) and/or the incorporation of some expensive pollutants 
removal procedures or equipment into the system, resulting in reductions in 
both operational and/or capital investment costs. 
4. Ability to Burn Unpulverized Coal.  This is a characteristic of the 
Rijke-type pulsating combustor developed under this program and it is 
discussed in more detail in the next section. It's availability eliminates the 
need for investing in the acquisition of pulverizers and the conti-wous 
pulverizing cost, thus reducing both capital investment and operational 
costs. This feature should be particularly attractive to industries that are 
considering a switch to coal utilization and are considering the cost of such 
a move. 
5. Self Aspiration. This feature implies that the combustor can "pump" 
its own oxidizer eliminating the need for auxiliary fans and/or pumps that 
are utilized in conventional combustors for moving the oxidizer (i.e., air) 
through the combustor. This unique feature of pulsating combustors offers 
the possibility of eliminating the costs associated with the purchase and 
operation of the needed air pumping equipment. 
Before leaving this section, it should be pointed out that pulsating 
combustors can be operated under both self aspirating and forced oxidizer 
flow conditions. 
6. Reduced Slagging and Keeping that Heat Transfer Surfaces Clean. 
The acoustic velocity oscillations that are associated with the pulsating 
combustion process result in back-and-forth motions (of different 
10 
amplitudes) of the gases along the various combustor and heat t-ansfer 
surfaces. According to the Russian literature 5 ' 16 and physical intuition, this 
motion res•Ats in a scrubbing type action on the surface that reduces or 
prevents slagging and foreign material depositions along these surfaces. This 
scrubbing action of the acoustic velocity in pulsating combustors may 
provide an acceptable solution to this serious problem. 
7. 	Ability to Burn with Little Excess Air. Conventional combustors 
operate with air/fuel mixtures that may contain up to forty percent more air 
than is required for stoichiometric combustion. The use of excess air results 
in a decrease in the thermal efficiency of the system due to the costs 
associated with the thermal losses in the exhaust products, the pumping the 
additional air and the energy lost in vaporizing the moisture content of the 
air. In addition, the excess air results in lower temperatures cf the 
combustion products which may adversely affect heat transfer processes. 
Thus, it is desired to operate with as little excess air as possible. In studies 
conducted by this group and those described in Ref. 15 it has been found that 
maximum amplitude of pulsating combustors might be able to operate 
efficiently with little excess air, resulting in combustors having higher 
thermal efficiencies. 
The above discussion describes the observed advantages of the 
pulsating combustion process that provided the impetus for this research 
program. It consisted of the development of the Rijke-like, coal burning, 
pulsating combustor and its testing under different operating conditions. The 
results of these efforts are described in the following section. 
1 1 
PROGRAM ACHIEVEMENTS 
This section is divided into two parts with the first part providing the 
background for the Rijke tube combustor that has been utilized in this study 
and the second part briefly describing achievements under this program. 
The Developed Rijke Type Combustor  
One of the initial objectives of this program was the development of 
a coal burning pulsating combustor that would not suffer from the 
shortcomings of the earlier designs, as discussed in the Introduction Section. 
Considerations of the problems that needed to be resolved and a personal 
communication with Severyanin during a 1978 visit to the Soviet Union lead 
to the conclusion that a pulsating combustor based upon the Rijke Tube 12 
principles may offer an attractive alternative to the previously used ScFmidt 
tube-like combustor designs 6 . 
The Rijke Tube, which was first developed in the 19th century, is 
shown schematically together with its associated acoustic wave structure in 
Fig. 3. In this configuration, the metal gauze is heated either apriori by a 
flame or concurrently by an electric current. In either case the wire acts as 
a heat source that induces an upward steady flow in the tube due to natural 
draft and periodic heating of the gas that results in the excitation of the 
natural mode of the tube, whose structure is also shown in Fig. 3. 
Theoretical investigations of the operation of the Rijke tube have been 
conducted by Carrier 17 and Culick 18 . In both cases it has been argued that 
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normalized velocity oscillation (u' ra) via the relationship 
Q 1 /Q = qe 	(u /a) 
(2) 
where Q is the heat transfer, q is a proportionality constant, y is the phase 
difference between the heat addition and velocity perturbation and a the 
velocity of sound. The magnitude of the phase kif is of interest to the 
understanding of the physics of the problem. According to Ref., 17, 
= 37 /8 while according to Ref. 18 0 < < TT . 
Another point that needs to be emphasized is the importance of 
having a steady flow past the wire to the onset of an oscillation of the 
fundamental mode 18 . In the absence of such a flow, the frequency of any 
excited oscillation will be twice the frequency of the fundamental mode due 
to the fact that the heat transfer from the wire is proportional to the 
magnitude of the velocity and not its direction. On the other hand it can be 
shown that the presence of both a mean velocity and an oscillating velocity 
component may result in the excitation of the fundamental mode of the 
tube. 
Additional experiments that influenced the present program were 
those conducted by Bosscha and Riess 1° in which hot flow was introduced 
into the bottom of a vertical tube and heat was removed from the flow at a 
distance 3L/4 from the bottom of the tube as shown in Fig. 4. As in Rijke's 
experiments, the removal of the heat at the indicated location resulted in 
the excitation of the fundamental mode of the tube as shown in Fig. 4. 
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Riess experiments can be explained utilizing arguments similar to those used 
to explain the mechanisms responsible for the onset of the oscillation in the 
Rijke tube. 
In summary, the Rijke, Bosscha and Riess experiments showed that 
the fundamental mode of a tube opened at both ends may be excited if heat 
is added at a distance of L/4 and/or removed at a distance of 3L/4 from the 
entrance of the tube. Keeping this in mind, a pulsating combustor could be 
designed by replacing the hot metal gauze by a coal burning bed at the L/4 
position. While having a heat source at the L/4 position would be sufficient 
for obtaining a pulsating combustor, the pulsations would be amplified 
according to the Bosscha and Reiss experiments if heat is also removed from 
the hot combustion products at the 3L/4 position. 
Summary of Accomplishments to Date 
This section briefly summarizes the major accomplishments of this 
program to date. The objectives of this study were to (1) determine whether 
a coal burning pulsating combustor based upon the Rijke tube principles 
could be developed, and (2) determine the main operational characteristics 
of such combustor. 
The developed Rijke t,:)e pulsating combustor is shown in Fig. 5. It 
consists of cylindrical segments with internal diameter of 5.5" and wall 
thickness of 0.25". The total length is 108". Additional segments were built 
to permit variations in the combustor's length. Since the fuel remains in the 
bed over many cycles, this combustor does not suffer from the difficulties 
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Figure 5. Schematic of the Developed Rijke Tube Pulsating 
Combustor. 
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preheating of the pulverized coal was required in order to satisfy the 
combustion time requirements. In this combustor configuration (see Fig. 5), 
coal is supplied to the combustion bed by means of a calibrated auger type 
feed system and pulsating combustion can be attained under either a self 
aspirating or a forced flow mode of operation. Under the forced flow mode, 
the decoupling chamber serves to guide the air into the combustor without 
altering the required open end boundary condition at the lower end. Coal was 
burned in a metal wire combustion bed located at L/4 and a water heating 
jacket was installed near the 3L/4 position. The lower decoupling chamber is 
disconnected from the tube when the combustor is operated under the self 
aspirating regime. 
Developed 	measurement 	capabilities 	include 	thermocouple 
temperature measurements at different locations within the combustor, 
acoustic pressures using a condenser microphone, velocities using ho t film, 
air flow rates during forced flow experiments using rotameters, high speed 
combustion zone photography utilizing specially designed viewing windows, 
coal feed rates utilizing a calibration curve of the auger type feed system, 
carbon monoxide and carbon dioxide gas concentrations at the exhaust flow 
using two Beckman model 864 infrared analyzers, and particulate emissions 
using a specially designed gas particulate sampling train. A sketch of the 
combined gas-particulate sampling train is shown in Fig. 6. The carbon 
monoxide and carbon dioxide gas concentration measurements in the exhaust 
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Figure 6, Schematic of the Combined Gas-Particulates 
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Legend (Fig.6 ) 
(1) Cylindrical shape sintered metal filter (60 ) - gas sampling 
(2) Nozzle type Y2 " diameter probe - isokinetic particulate sampling 
(3) Pressure regulator with valve - purge system 
(4) Two way valves 
(5) Four way valve 
(6) Three way valves 
(7) Filter - retention of 99.7% of particles greater than 0.3 
(8) Ice bath 
(9) Separators 
(10) Protection filters 
(11) Relief valve 
(12) Dual head pump 
(13) Vacuum gauge 
(14) Thermocouple 
(15) Flowmeter 
(16) Needle point valves 
(17) Flowmeters with valve 
(18) Infrared analyzers 
In what follows, the major results obtained to date utilizing the above 
described experimental set up are briefly discussed. 
1. Combustor Operation.  ThIs program has established that a Rijke type 
pulsating combustor can be utilized to burn coal and other solid fuels stably 
and continuously under either self aspirating or forced flow conditions. 
Pulsating combustion operation has been obtained consistently with the 
developed combustor within minutes after the ignition of the combustion 
bed. 
Utilizing a nine foot leng -ih combustor, results obtained to date 
showed that the frequency of pulsation was in the range 74 to 84 Hertz and 
that the pressure amplitude varied between 140 and 160 dB for operations 
under the self aspirating mode and between 150 and 165 dB for operations 
under the forced flow mode. 
2. Characteristics of the Developed Pulsating Combustor.  One measure 
of the performance of the developed combustor is the amplitude of the 
excited acoustic oscillation. In this case an increase in the amplitude implies 
better coupling between the combustion process and the natural acoustic 
mode of the combustor that should result in "better" mixing and 
consequently more efficient combustion process. In addition, the increase in 
amplitude may result in better heat transfer processes and reduced 
pollutants formation. Thus, measured dependence of the amplitude of the 
oscillation upon different combustor operating parameters has been used as 
an indication of the performance of the system with a higher amplitude 
operation implying a more "efficient" operation. 
21 
Tests conducted to date showed that the amplitude of pulsations 
depends upon the location of the combustion zone within the lower half of 
the tube. For a given combustion bed configuration the amplitude is near 
maximum when the bed is located a distance of L/4 from the entrance to the 
tube. Also, moving the bed to different positions results in the excitation of 
higher harmonics of the fundamental combustor mode. 
The amplitude also depends upon the degree of accumulation of coal 
in the bed. For low or zero accumulation, acoustic energy dissipation in the 
bed is minimized and the amplitude of the combustor pulsations 
increases.The amplitude of the oscillation decreased as the length of the 
combustor was decreased. As a matter of fact maximum amplitude was 
obtained with the maximum tested combustor length of 9 feet. This result 
indicates that the various processes responsible for wave excitation and 
wave losses are frequency dependent and that there is an optimum frequency 
of operation for Rijke Tube Combustors. It appears that for the present 
combustor a further (small) increase in length may result in further 
amplitude increase. These results also indicate that an investigation of the 
optimum frequency of operation is desirable. 
3. 	Forced Flow Operation. Pulsating operation under forced flow 
conditions permitted testing under a variety of air/fuel ratios. A series of 
tests were conducted with coal and wood for different air/fuel ratios and the 
results, plotted in Figs. 7 and 8, show that the amplitude of the oscillation 
strongly depends upon the air/fuel ratio with the maximum occurring near 
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Figure 7. Measured Acoustic Pressure Amplitudes for Experiments 
Conducted with Coal Burned under Different Air/Fuel 
Ratio and Nominal Coal Feed Rate of 50 gr/min. 
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for Experiments Conducted with Wood Burned 
under Different Air/Fuel Ratios and Different 
Steady Velocities. 
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results 15 and it supports the previous claim that the pulsating combustors 
could be operated with little excess air, resulting in higher thermal 
efficiencies for the combustor. 
Figure 8 also indicates that the amplitude of the oscillation depends 
upon the magnitude of the steady state velocity u, with the available data 
showing that an increase in 13 leads to an increase in the amplitude of 
pulsation. These data indicate that the coupling (i.e., driving) between the 
combustion process and the oscillation strongly depends upon the magnitude 
of the steady velocity through the combustion zone. This result also 
indicates that this coupling process needs to be further investigated and that 
forced flow operation which provides an independent control of the 
magnitude of u be preferable in terms of providing means for 
controlling the operation of the pulsating combustor. 
4. Fuel Rich Operation. Another significant aspect of the data presented 
in Figs 7 and 8 is the demonstratio -I that pulsating combustion operation was 
achieved under fuel rich conditions (i.e., a < 1). Since for a < 1 the 
exhaust flow is fuel rich and it could possibly be used as a fuel, then these 
results suggest that the developed pulsating combustor, or a modified 
version, could be possibly used in solid fuel gasification applications. 
5. Comparisons Beween Pulsating and Nonpulsating Operation.  During 
the course of this study, it has been found that opening one or two small 
holes in the wall of the combustor tube a few inches above the combustion 
bed results in the cessation of the pulsations. This capability allowed for 
qualitative comparisons of the characteristics of the combustion zones and 
exhaust flows under pulsating and nonpulsating conditions. When the 
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combustor was pulsating, visual observations indicated that the luminous 
combustion zone was short exhibiting extremely intense "agitation" of the 
gases within the combustion zone. In addition, flamelets moving periodically 
downward (against the direction of the steady upward flow) through the 
holes of the wire mesh supporting the coal bed were observed. This 
downward motion was undoubtedly caused by the back-and-forth mo:ion of 
the acoustic velocity near the combustion bed which is also responsible for 
intensified mixing within the combustion zone; the latter is probably 
responsible for the "compactness'' of the observed combustion zone. In 
addition, the exhaust flow leaving the combustor appeared clear and smoke 
free. 
When pulsations are absent, the combustion bed with the through air 
flow probably approximates the combustion in an stoker type combustor. In 
this case, observations of the fuel bed showed the presence of a relatively 
long luminuous combustion zone that "started" someplace near the middle of 
the bed and extended some distance above the bed. Furthermore, the 
combustion zone lacked the "intensity" or "vibrations" observed during 
pulsating combustion and there were no flamelets protruding below the wire 
mesh coal support. Finally, the presence of black smoke was clearly visible 
in the exhaust flow. 
Also, comparisons of exhaust flows concentrations showed that the 
presence of pulsations reduces CO and concentrations while increasing CO 2 
 concentration, implying that pulsations result in a more complete 
combustion process. 
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The observed differences in the characteristics of the combustion 
zones and exhaust flows between the two modes of combustion strongly 
support the argument that the presence of acoustic velocity oscillations near 
the combustion bed during pulsations is responsible for intensified mixing 
and, consequently, more rapid and complete burning of the solid fuel in the 
bed. 
6. Multiple Fuel Operations. To date, pulsating operation was studied 
under this program utilizing different commercially available coals (one of 
which was supplied by Georgia Power) and a variety of woods containing 
different amounts of moisture. While the amplitude of the resulting 
pulsation depended upon the characteristics of the fuel, pulsating operation 
was obtained in all instances. As a matter of fact, the combustor had no 
problems burning wood with forty percent moisture content and freshly cut 
wood, which cannot be readily burned in most combustors. 
These observations together with earlier
19 
 successful operation of a 
Rijke tube combustor with a gaseous fuel suggest that Rijke type, pulsating 
combustors capable of multiple fuels operation, including low grade fuels 
(e.g., freshly cut wood), could be designed in the future. 
7. Combustion Efficiencies. The carbon dioxide and carbon monoxide 
concentration measurements in the exhaust flow together with the measured 
air/fuel ratios, the determined coal composition (i.e., by ultimate analysis); 
and considerations of mass conservation were used to evaluate the 
combustions efficiencies of the system under different conditions in the 
forced flow mode of operation. For a coal feed rate of 50 gr/rnin and 
different air/fuel ratios, the combustion efficiency ranged from 89 to 98.5% 
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for values of a (i.e., the normalized air/fuel ratio) ranging from 1.03 to 
1.22, respectively. The combustion efficiencies for corresponding non 
pulsating operations were always found to be lower (e.g., in some instances 
15% lower) than the values determined for pulsating operation. 
8. Combustion Intensities. Using the computed combustion efficiencies 
and measured coal feed rates the combustion process heat release rates 
were calculated. Maximum heat release rates of 750,000 Btu/hr ft 2 were 
achieved with stoichiometric operations, a value that compares very 
favorably with energy release rates of recent state of the art combustors 20 . 
9. Particulate Emission. A 	plot showing the relative amounts of 
particulates generated under different air/fuel ratios and nominal feed rate 
of 50 gr/min is presented in Fig. 9. A drastic reduction in particulates 
formation with an increase in a is observed with the particulates formation 
reaching an almost constant minimum level for a larger than 1.1. One 
should also note that for all of the tested a 's, particulates formation was 
considerably higher under non pulsating operation. 
Report Summary 
The results obtained under this research program demonstrated that 
unpulverized coal can be burned continuously and stably in a Rijke type 
combustor. Under pulsating operation, the presence of acoustic oscillations 
enhances the mixing between oxidizer and fuel which increases the 
efficiency and heat release rate of the combustor. Maximum amplitudes 
occur when the air/fuel ratio is nearly stoichiometric which suggests that 
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devices (e.g. 	boilers, water heaters, etc.) utilizing such a pulsating 
combustor should possess high thermal efficiencies. It was also verified that 
pulsating combustion operation of the developed combustor is possible for a 
variety of air/fuel ratios, including very fuel rich conditions (eg. = 0.36). 
Under these fuel rich situations, the exhaust flow is combustible indicating 
that the developed Rijke combustor could possibly be also utilized as a coal 
gasifier. In closing, the results obtained under this program to date 
demonstrate that with further development, Rijke type pulsating combustors 
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